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Cost-aware coalitions for collaborative tracking in
resource-constrained camera networks
Juan C. SanMiguel and Andrea Cavallaro
Abstract—We propose an approach to create camera coalitions
in resource-constrained camera networks and demonstrate it for
collaborative target tracking. We cast coalition formation as a
decentralized resource allocation process where the best cameras
among those viewing a target are assigned to a coalition based
on marginal utility theory. A manager is dynamically selected to
negotiate with cameras whether they will join the coalition and to
coordinate the tracking task. This negotiation is based not only on
the utility brought by each camera to the coalition but also on the
associated cost (i.e. additional processing and communication).
Experimental results and comparisons using simulations and
real data show that the proposed approach outperforms related
state-of-the-art methods by improving tracking accuracy in cost-
free settings. Moreover, under resource limitations the proposed
approach controls the tradeoff between accuracy and cost, and
achieves energy savings with only a minor reduction in accuracy.
Index Terms—camera network, coalition, utility, cost, tracking.
I. INTRODUCTION
Networks of wireless cameras with embedded capabilities
for sensing, processing and communication enable emerging
pervasive and mobile applications in many areas such as en-
vironment monitoring and human-computer interaction [1][2].
Fixed cameras can cooperate wirelessly with mobile battery-
powered cameras to capture closer views of selected ob-
jects [3]. Cameras in large networks may interact locally
forming coalitions to provide coordinated decisions across
neighboring cameras. Coalitions can benefit target tracking [4],
a key task in camera networks, where sets of cameras may
operate jointly using decentralized tracking [5].
Current solutions to manage multiple cameras employ
centralized [6][7][8][9][10] or decentralized [11][12][13][14]
architectures. Centralized approaches have limited scalability
and often cast the problem as a global resource allocation.
Decentralized proposals rely on camera ranking [11][13][14]
or local interaction [12]. Cameras are grouped according
to criteria such as camera-target distance [12][14], Field of
View (FOV) overlap [8], inter-view target matching [11][13],
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occlusion-free views [9] and user preferences [7]. Cameras are
assumed to provide accurate data and to contribute equally to
the coalition, which may not be true due to errors and view
variability across cameras. Coalition formation requires iden-
tifying the best cameras over time. Moreover, collaboration
costs of forming and operating camera coalitions are generally
not defined [11][13][7][9][14], thus limiting the use of existing
approaches in resource-constrained camera networks.
In this paper, we propose a framework for camera-coalition
formation that simultaneously accounts for benefits and costs
of camera collaboration. We cast coalition formation as a
resource allocation problem where cameras are available net-
work resources. A greedy decentralized approach quantifies
the expected benefit of cameras joining the coalition via their
utility for tracking a target. Coalition costs are defined based
on the energy required for communication and processing. Us-
ing marginal utility theory [15], we estimate the contribution of
each camera for the tracking task for their efficient allocation
to a coalition. A coalition manager negotiates with cameras
when their utility justifies the associated cost of joining a
coalition. Cameras participate in a coalition until exhaustion
of their capabilities, measured as load and remaining energy.
The coalition is formed and updated as the target moves, thus
adapting to resource and environment changes. Simulations
and real-data experiments show that the proposed approach
improves related works for coalition formation and tracking.
The paper is organized as follows: Section II discusses the
related work and Section III states the addressed problem.
Section IV overviews the proposed framework for coalition-
based tracking and Section V describes the proposed approach
for coalition formation. Section VI presents the experimental
results and Section VII concludes the paper.
II. RELATED WORK
Coalitions in camera networks can be formed statically (at
system initialization) or dynamically (at predefined intervals or
driven by external events) [11]. We are interested in dynamic
approaches to create event-driven coalitions for target tracking.
These approaches can be based on centralized optimization,
decentralized rankings or local interaction (Table I).
Centralized optimization maximizes functions that quantify
target location accuracy [6][17][9] or visibility [10]. Such
optimization is often restricted to small-size networks as its
explores all the combinations of cameras to form a coali-
tion [6][17]. Greedy approaches reduce such complexity by
sequentially expanding the coalition only with cameras max-
imizing certain criteria [9][10]. Centralized approaches need
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Table I
SUMMARY OF MAIN APPROACHES FOR COALITION FORMATION IN TARGET TRACKING. KEY. DIS: DISTRIBUTED; DEC: DECENTRALIZED; CEN:
CENTRALIZED; O: OPTIMIZATION; R: RANKING; LI: LOCAL INTERACTION.
Ref. Scheme Type Approach Multiple Accuracy Collaborative Costs Resourcescameras indicators processing Comms Process Battery Load
[11] DEC R Distance grouping
√ √
[12] DEC LI Auction
√ √
[13] DEC R Feature grouping
√ √ √
[6] CEN O Full optimization
√ √ √ √
[16] CEN O Full optimization
√
[7] CEN LI Game-theory
√ √
[17] CEN O Full optimization
√ √
[9] CEN O Greedy optimization
√ √ √
[14] DEC LI Auction
√
[10] CEN O Greedy optimization
√ √ √
Proposed DEC LI Greedy optimization
√ √ √ √ √ √ √
a global network view, including for example, the knowledge
of the number of targets and available resources [9].
Decentralized rankings select top-ranked cameras based
on camera-target distance [11] or feature matching such as
orientation [13]. Distance-based criteria require accurate target
state estimations to create coalitions whereas feature-based
criteria rely on matching accuracy. Each camera sends target-
related data to neighboring cameras to decide whether to join
the coalition. These approaches replicate the computational
cost needed to transmit data for distributed decision making.
Local (pair-wise) interaction enables scalability at network
and target level. Such interaction can be decentralized or
distributed if some or none of the cameras act as coordinators,
respectively. For example, the contract net protocol is used to
create coalitions via decentralized auction schemes (announce,
bid and select) [12]. Optimal allocation of shared resources
is solved via centralized Constraint Satisfaction that has the
limitations of centralized optimization. Auctions are also used
to handover targets between cameras based on camera-target
distance and only the closest camera is selected to track [14].
Centralized interaction can also rely on game theory such as
the bargaining of cameras in a multi-player game to maximize
the network utility aligned to user-defined criteria over the
target [7]. The highest-utility camera is used for tracking
without collaboration among cameras in the coalition [7][14].
The interaction between mobile and fixed cameras implicitly
imposes resource constraints as mobile cameras are battery-
powered and communicate wirelessly [18]. The resources
required to collaborate should be used to create the coalition as
collaboration may imply costs not justified by the associated
performance improvements. Resource constraints are used to
select cameras that are idle [12], have high remaining battery
level [6] or have available resources [8]. These approaches do
not consider collaboration costs and coalitions are based on
individual camera resources. Other approaches define compu-
tational [16] and transmission [19] costs without collaborative
processing, thus decreasing the benefits of coalitions.
Similar approaches also exist for coalitions in wireless
sensor networks [20][21]. These methods assume known sen-
sor accuracy and allocate sensors to targets by considering
load [20] and energy [21] constraints. However, such detailed
sensor knowledge may not be available in camera networks.
Moreover, coalition assignments use distributed optimization
based on global network information. This approach may limit
scalability and requires high computational costs. Instead, the
proposed approach only estimates camera utilities and employs
local interaction without requiring any global data. Unlike
the homogeneous collaborative processing [11][13], we weight
coalition collaboration based on cameras’ utilities. We propose
a framework to model utilities and costs of camera coalitions,
whereas related works in camera networks only describe cost-
free coalitions [12][9][10][14]. While camera battery levels are
used [6], collaboration costs are not modeled. Finally, unlike
centralized approaches [6][8][9][10], we define a decentralized
scheme for fast allocation of cameras to the coalition.
III. PROBLEM FORMULATION
Let Ω = {c1, ..., cN} be a network of N cameras. We
consider networks of calibrated and resource-limited wireless
cameras. We suppose synchronized and delay-free communi-
cation with a range twice the Field of View (FOV) range and
that cameras viewing the same target (i.e. overlapping FOVs)
can directly communicate. Cameras with non-overlapping
FOVs may communicate via look-up tables [22] or adaptive
transmission ranges [23]. We use the index k to define the
time steps when target measurements are captured. Let xk be
the state of a moving target defined as xk = [x, y, x˙, y˙], where
(x, y) is the target center and (x˙, y˙) is the target velocity. The
measurements obtained by each ci are zki = [zi,x, zi,y].
Let Lk be a subset of cameras ci viewing the target at k:
Lk = {ci : ci ∈ Ω, 1 ≤ i ≤ N}, 0 ≤
∣∣Lk∣∣ ≤ N, (1)
where |·| is the set cardinality (size). Lk can be obtained using
external calibration data [22] or by matching distinguishable
targets across camera views using for example color his-
tograms [11]. Target-to-measurement association is considered
given for each camera (no clutter).
For tracking a target, sub-sets of cameras are grouped into
a time-varying coalition Ck at each k:
Ck = {cj : cj ∈ Lk, 1 ≤ j ≤ N}, 0 ≤
∣∣Ck∣∣ ≤ ∣∣Lk∣∣ , (2)
where
∣∣Ck∣∣ is the coalition size. The goal is to automatically
identify Ck ⊆ Lk over time, i.e. the best set of cameras for
the coalition that can increase performance via collaboration.









IEEE SENSORS JOURNAL 12
[13] J. Yoder, H. Medeiros, J. Park, and A. Kak, “Cluster-based distributed
face tracking in camera networks,” IEEE Trans. Image Process.,
vol. 19, no. 10, pp. 2551–2563, Oct. 2010.
[14] L. Esterle, P. Lewis, X. Yao, and B. Rinner, “Socio-economic vision
graph generation and handoff in distributed smart camera networks,”
ACM Trans. Sens. Netw., vol. 10, no. 2, pp. 1–24, Jan. 2014.
[15] C. Zopounidis and P. M. Pardalos, Handbook of multicriteria analysis.
Springer-Verlag, 2010.
[16] Y. Yao, C.-H. Chen, A. Koschan, and M. Abidi, “Adaptive online camera
coordination for multi-camera multi-target Surveillance,” Comput. Vis.
Image Understand., vol. 114, no. 4, pp. 463–474, Apr. 2010.
[17] W. Li and W. Zhang, “Sensor selection for improving accuracy of
target localisation in wireless visual sensor networks,” IET Wireless
Sensor Systems, vol. 2, no. 4, pp. 293–301, Dec. 2012.
[18] M. Magno, F. Tombari, D. Brunelli, L. Di Stefano, and L. Benini,
“Multimodal video analysis on self-powered resource-limited wireless
smart camera,” IEEE J. Emerg. Sel. Top. Circuits Syst., vol. 3, no. 2,
pp. 223–235, Jun. 2013.
[19] S. Aziz and D. Pham, “Energy efficient image transmission in wireless
multimedia sensor networks,” IEEE Commun. Lett., vol. 17, no. 6, pp.
1084–1087, Jun. 2013.
[20] Y. Fu, Q. Ling, and Z. Tian, “Distributed sensor allocation for multi-
target tracking in wireless sensor networks,” IEEE Trans. Aerosp.
Electron. Syst., vol. 48, no. 4, pp. 3538–3553, Oct. 2012.
[21] J. Lin, F. Lewis, W. Xiao, and L. Xie, “Energy-efficient distributed
adaptive multisensor scheduling for target tracking in wireless sensor
networks,” IEEE Trans. Instrum. Meas., vol. 58, no. 6, pp. 1886–1896,
Jun. 2009.
[22] J. Park, P. Bhat, and A. Kak, “A look-up table based approach for
solving the camera selection problem in large camera networks,” in Int.
Workshop on Distributed Smart Cameras (DCS), Oct. 2006, pp. 1–5.
[23] S. Lin, J. Zhang, G. Zhou, L. Gu, J. Stankovic, and T. He, “ATPC:
Adaptive transmission power control for wireless sensor networks,” in
Int. Conf. on Embedded Networked Sensor Syst., 2006, pp. 223–236.
[24] P. Fishburn, Utility Theory for Decision Making. Huntington, NY:
Robert E. Kriege, 1970.
[25] C. Ding, B. Song, A. Morye, J. Farrell, and A. Roy-Chowdhury,
“Collaborative sensing in a distributed PTZ camera network,” IEEE
Trans. Image Process., vol. 21, no. 7, pp. 3282–3295, Jul. 2012.
[26] A. Mavrinac and X. Chen, “Modeling Coverage in Camera Networks:
A Survey,” Int. Journal of Computer Vision, vol. 101, no. 1, pp.
205–226, Jan. 2013.
[27] A. Mutambara, Decentralized estimation and control for multisensor
systems. CRC press, 1998.
[28] M. Baidas and A. Mackenzie, “Altruistic coalition formation in coop-
erative wireless networks,” IEEE Trans. Commun., vol. 61, no. 11, pp.
4678–4689, Nov. 2013.
[29] N. Karamchandani, P. Minero, and M. Franceschetti, “Agile broadcast
services: Addressing the wireless spectrum crunch via coalitional game
theory,” IEEE Trans. Wireless Commun., vol. 13, no. 2, pp. 794–808,
Feb. 2014.
[30] M. Ebden and S. Roberts, “Graph marginalization for rapid assignment
in wide-area Surveillance,” Ad Hoc Networks, vol. 9, no. 2, pp.
180–188, Mar. 2011.
[31] A. Wang and A. Chandrakasan, “Energy-efficient DSPs for wireless
sensor networks,” IEEE Signal Processing Mag., vol. 19, no. 4, pp.
68–78, Jul. 2002.
[32] T. Sandholm, “Agents in electronic commerce: Component technologies
for automated negotiation and coalition formation,” Auton. Agents and
Multi-Ag. Syst., vol. 3, no. 1, pp. 73–96, Mar. 2000.
[33] ——, “An implementation of the contract net protocol based on marginal
cost calculations,” in National Conf. on Artificial Intelligence (AAAI),
1993, pp. 256–264.
[34] A. Kamal, J. Farrell, and A. Roy-Chowdhury, “Information weighted
consensus filters and their application in distributed camera networks,”
IEEE Trans. Autom. Control, vol. 58, no. 12, pp. 3112–3125, Dec.
2013.
[35] B. Dieber, C. Micheloni, and B. Rinner, “Resource-aware coverage and
task assignment in visual sensor networks,” IEEE Trans. Circuits Syst.
Video Technol., vol. 21, no. 10, pp. 1424–1437, Oct. 2011.
[36] H. Possegger, S. Sternig, T. Mauthner, P. Roth, and H. Bischof, “Robust
real-time tracking of multiple objects by volumetric mass densities,” in
IEEE Int. Conf. on Computer Vision and Pattern Recog. (CVPR), 2013,
pp. 2395–2402.
[37] D. Wang, H. Lu, and M.-H. Yang, “Online object tracking with sparse
prototypes,” IEEE Trans. Image Process., vol. 22, no. 1, pp. 314–325,
Jan. 2013.
[38] J. SanMiguel, A. Cavallaro, and J. Martinez, “Adaptive online per-
formance evaluation of video trackers,” IEEE Trans. Image Process.,
vol. 21, no. 5, pp. 2812–2823, May 2012.
[39] O. Hlinka, F. Hlawatsch, and P. Djuric, “Distributed particle filtering in
agent networks: A survey, classification and comparison,” IEEE Signal
Processing Mag., vol. 30, no. 1, pp. 61–81, Jan. 2013.
Juan C. SanMiguel is assistant professor at Univer-
sidad Auto´noma de Madrid (Spain). He received the
M.S. degree in Electrical Engineering (Ingeniero de
Telecomunicacio´n degree) in 2006 and the Ph.D. in
Computer Science and Telecommunication in 2011,
both at Universidad Auto´noma de Madrid. From
June 2013 to June 2014, he was a postdoctoral
researcher at Queen Mary University of London
(UK) under a Marie Curie IAPP fellowship. He
has participated in several national and international
projects dealing with multimedia content transmis-
sion, human-object interactions recognition, visual tracking and video surveil-
lance. He also serves as a reviewer for several international Journals and
Conferences. His current research interests are focused on probabilistic object
tracking, performance evaluation and multi-camera activity understanding.
Andrea Cavallaro is Professor of Multimedia Sig-
nal Processing and Director of the Centre for Intelli-
gent Sensing at Queen Mary University of London,
UK. He received his Ph.D. in Electrical Engineer-
ing from the Swiss Federal Institute of Technology
(EPFL), Lausanne, in 2002 and the Laurea (Summa
cum Laude) in Electrical Engineering from the Uni-
versity of Trieste in 1996. He was a Research Fellow
with British Telecommunications (BT) in 2004/2005
and was awarded the Royal Academy of Engineering
teaching Prize in 2007; three student paper awards
on target tracking and perceptually sensitive coding at IEEE ICASSP in 2005,
2007 and 2009; and the best paper award at IEEE AVSS 2009. Prof. Cavallaro
is Area Editor for the IEEE Signal Processing Magazine; and Associate Editor
for the IEEE Transactions on Image Processing. He is an elected member
of the IEEE Signal Processing Society, Image, Video, and Multidimensional
Signal Processing Technical Committee. Prof. Cavallaro was General Chair
for IEEE/ACM ICDSC 2009, BMVC 2009, M2SFA2 2008, SSPE 2007, and
IEEE AVSS 2007; and Technical Program chair of IEEE AVSS 2011; the
European Signal Processing Conference (EUSIPCO 2008) and of WIAMIS
2010. He has published more than 130 journal and conference papers, and
four books: Multi-camera networks (2009), Elsevier; Video tracking (2011),
Wiley; Analysis, retrieval and delivery of multimedia content (2012), Springer
and Intelligent multimedia surveillance (2013), Springer.
